A review of methods for monitoring streamflow for sustainable water resource management
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ABSTRACT

Monitoring of streamflow may help determine the optimum levels of its use for sustainable water management in the face of climate change. We reviewed available methods for monitoring streamflow on the basis of six criteria viz. their applicability across different terrains and size of the streams, operational ease, time effectiveness, accuracy, environmental impact that they may cause and cost involve in it. On the basis of the strengths and weaknesses of each of the methods reviewed, we conclude that the timed volume method is apt for hilly terrain having smaller streams due to its operational ease and accuracy of results. Although comparatively expensive, the weir and flume methods are suitable for long term studies of small hill streams, since once the structure is put in place, it yields accurate results. In flat terrain, the float method is best suited for smaller streams for its operational ease and cost effectiveness, whereas, for larger streams, the particle image velocimetry may be used for its accuracy. Our review suggests that the selection of a method for monitoring streamflow may be based on volume of the stream, accuracy of the method, accessibility of the terrain and financial and physical resources available.
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Table S1: Previous studies conducted on streamflow monitoring across different regions and terrains
	Sl no
	Study
	Method
	Terrain
	Season of study
	Results Maximum
	Results Minimum
	Region

	1
	Gardner and Dunn (1964)
	Tracer or Dilution gauging method
	-
	-
	45 ft3/s
	72 ft3/s
	USA

	2
	Ryckborst and Christie (1977)
	Electromagnetic method
	Flat
	-
	18000 m3/sec
	5660 m3/sec
	Canada

	3
	Dye and Poulter (1995)
	Weir method
	Riparian zone
	-
	305m3/ day
	-
	-

	4
	Cey et al. (1998)
	Timed volume method
	Mountain
	Summer
	∼10 ml s−1 m−1
	-
	Canada

	5
	Tobias et al. (2001)
	Salt and tracer Dilution gauging method
	Marsh Hilly
	Throughout year
	225 L m-2 d-1
	06 L m-2 d-l
	Virginia

	6
	Bajracharya et al. (2004)
	Float method
	Hilly
	Rainy
	212m3/s
	045 m3/s
	Himalayas

	7
	Negi and Joshi (2004)
	Cylinder or Timed volume method
	Hilly
	Throughout year
	878 l/min
	287 l/min
	Himalayas

	8
	Rutherford et al. (2004)
	Float method
	Hilly
	-
	0276 m3/s
	0084 m3/s
	-

	9
	Sharma and Rai (2004)
	Weir method
	Hilly
	Rainy
	4143 l/s
	4137 l/s
	Himalayas

	10
	Sharma and Rai (2004)
	Weir method
	Hilly
	Summer
	850 l/s
	840 l/s
	Himalayas

	11
	Hudson and Fraser (2005)
	Salt or Dilution gauging method
	--
	-
	22 m3/s
	24 m3/s
	-

	12
	Houser et al. (2006)
	Dilution gauging method
	Flat
	Throughout year
	2561 l/s
	313 l/s
	West-central Georgia

	13
	Ramos et al. (2006)
	Flume method
	-
	-
	13 l/min
	-
	UK

	14
	Jun et al. (2005)
	Weir method
	Hilly
	-
	2533 m3
	1098 m3
	China

	15
	Buytaert et al. (2007)
	Weir method
	Hilly
	Throughout year
	933 mm/year
	175 mm/ yr
	Andean highlands

	16
	Kumar and Singh (2007)
	Weir method
	Hilly
	Rainy
	654 mm/hr
	-
	Himalayas

	17
	Rehmel (2007)
	ADCP method
	Flat
	Throughout year
	124 m3/sec
	002 m3/sec
	United States

	18
	Roberts et al. (2007)
	Salt or Dilution gauging method
	Flat and Hilly
	Throughout year
	276 l/s
	3 l/s
	West-central Georgia

	19
	Sharma et al. (2007)
	Weir method
	Hilly
	Throughout year
	224 mm
	18 mm
	Himalayas

	20
	Xing et al. (2008)
	Current meter method
	Hilly
	-
	23 × 107 m3/year
	-
	China

	21
	Zhang et al. (2008)
	Velocity area method
	Hilly
	-
	1025 mm
	091 mm
	China

	22
	Kim et al. (2008)
	Particle image velocimetry
	Mountain
	-
	5.1 m3/sec
	
	Iowa

	23
	Soupir et al. (2009)
	Current meter
	-
	-
	00114 m3/s
	-
	Virginia

	24
	Singh et al. (2010)
	Data of a hydrological station
	Hilly
	Throughout year
	20816 m3/s
	701 m3/s
	Himalayas

	25
	Hidayat et al. (2011)
	ADCP method
	Flat
	-
	3250 m3/sec
	-
	Indonesia

	24
	Tauro et al. (2014)
	Particle image velocimetry method
	Mountain
	-
	Aniene River - 2.05 m/s

Tiber River – 0.35 m/s
	-
	Italy

	26
	Shope et al. (2013)
	Timed volume method
	Mountain
	Rainy
	0.002 m3 s-1
	0.010 m3 s-1
	South Korea

	27
	Yang et al. (2014)
	Current meter method
	Flat
	Rainy
	0.231 m3/sec
	0.0105 m3/sec
	China

	28
	Hu et al. (2014)
	Flume method
	-
	-
	0.02
	0.08
	China

	29
	Poulsen et al. (2014)
	ADCP method
	lowland
	Rainy
	0.23 m3/sec
	-
	Western Denmark

	30
	Adelana et al. (2014)
	Weir method
	-
	-
	Pasture – 3.98 mm/day

Forest – 1.21 mm/day
	Pasture – 0.00 mm/day

Forest – 0.00 mm/day
	Victoria, Australia

	31
	Deutscher and Kupec (2014)
	Non contact method
	Mountain
	Dry period
	0.24 dm3 s−1 day−1
	0.19 dm3 s−1 day−1
	Czech Republic

	32
	Kralik et al. (2015)
	Salt Dilution method
	Mountain
	-
	138 L/s
	12 L/s
	Georgia

	33
	Cingolani et al. (2015)
	Salt Dilution method
	Mountain
	-
	0.073 ± 0.014 mm/day
	-
	Argentina

	34
	Malota and Senzanje (2015)
	Timed volume method
	Flat
	-
	0.70 m day-1
	0.17 m day-1
	South Africa


Table S2: Comparison of different methods used for streamflow estimation
	Method
	Aptness to stream size
	Aptness to different terrain
	Advantage
	Disadvantage

	Direct measurement method
	Timed volume method
	Small streams
	Hilly
	This method is inexpensive and non-polluting, with limited equipments requirements (Weight and Sonderegger 2001; Tiwari et al. 2014). Measurements can be taken  without any special technical knowledge required.
	Human error may occur in measuring velocity stage height and cross-sectional areas, which requires a numbers of trials to minimize (Weight and Sonderegger 2001). This method gives reliable results only for small streams with a water fall.

	Velocity-area methods
	Float method
	Small streams
	Flat 
	It is one of the simplest methods and can be used where observers are not highly skilled (Grant and Brian 1997; Hauer and Lamberti 2007). It is a non-polluting method and does not require any complicated and expensive equipments.
	Results are less reliable as the discharge becomes greater because floats thrown on a water surface sometimes do not follow the actual main flow due to a strong vortical turbulent motion (Herschy 2008; Cheney 2015).

	
	Dilution Gauging method
	Large/ small streams
	Flat and Hilly
	Method is inexpensive and provides direct evidence of water movement between stream and aquifer (Woessner 2000; Comina et al. 2014). It is an absolute method because the discharge is computed from volume and time only (Herschy 2008).
	It is difficult to obtain complete mixing of the tracer without losing any of it and incomplete mixing may cause erroneous results as there is difference of velocity in upper and lower surfaces of the streams (Moore 2004; Herschy 2008).

	
	Trajectory method
	Small streams
	Flat and Hilly
	The trajectory method gives reasonably accurate values of discharge (Gilfedder et al. 2014).
	Calculations for stream discharge are complicated. Can be applied only if discharge can be diverted through a pipe. Estimates of discharge made from measurements of the trajectory from sloping pipe and partly filled pipes are less reliable (Tubman 2013).


	
	Current meters method 
	Small streams
	Flat
	This method is more accurate and requires time to measure water flow and can be used commercially because of high accuracy (USDA 2001).
	Only a trained person can take the measurement. Current meters are costly and can be used only when stream is being monitored for a short period. Accuracy can be affected by debris and boulders (Hudson 1993; USDA 2001).

	
	Acoustic Doppler current profiler
	Large streams
	Flat
	Measures the stream discharge faster, yields accurate results (Mueller and Wagner 2009) and is a non-invasive method (Visbeck 2001).
	Costly, need trained personnel and only suitable for large streams and rivers in flat terrains (Visbeck 2001).

	
	Electromagnetic method
	Large streams
	Flat and Hilly
	This method gives accurate results (Mizunaga and Tanaka 2015).
	Training is needed to use the probes. Gives reliable results only for the streams where flow can be diverted into a pipe (Herschy 2008).

	Formed constriction methods
	Weirs method
	Large/ small streams
	Flat and Hilly (but gives better results for hilly streams)
	Weirs are one of the most accurate methods of measuring water flow (Peterson and Cromwell 1993). Weirs improve low flow conditions by keeping water depths greater than they otherwise would be, and provide opportunities for water meadows and landscaping and form an important component of a Water Level Management Plan (Rickard et al. 2003).
	This method can be used only by a trained person (Peterson and Cromwell 1993). It is frequently necessary to construct a pool or stilling area above the weir so the water loses its velocity. Unless the water appears practically still, discharge readings will be inaccurate (Wessels and Rooseboom 2009). Siltation affects the reliability of the results (Hudson 2004).

	
	Flume method
	Large/ small streams
	Flat and Hilly (but gives better results for hilly streams)
	Flumes give more accurate results (Yoder 1999). Flumes do not need calibration and rating can be taken from the published tables (Dinsmore et al. 2013).
	Accuracy of flume method is affected by approach velocity of liquid and siltation (Hudson 2004). This method is not suitable for liquids with debris, sediment or solids (Wessels and Rooseboom 2009).

	Non contact 
	Remote sensing method
	Large stream
	Flat and Hilly
	Method could provide coverage to larger and inaccessible areas (Koblinsky et al. 1993; Xu et al. 2004). 
	Remote sensing is an expensive method and cannot directly estimate the stream discharge and, therefore, requires ground measurements (Costa et al. 2000). Larger errors occur in flooded forests, because trees are highly reflective in the visible and near-infrared range (Legleiter 2013).

	
	Particle image velocimetry method
	Large stream
	Flat
	PIV method provides high resolution flow velocity information of a flat surface at one time unlike other methods that provide point based readings (Stamhuis 2006; Dramais et al. 2011).
	It is an expensive method and requires specialized training (Adrian and Westerweel 2011). Direct measurements of the flow cannot be taken; therefore, validation of estimates is needed (Hauet et al. 2008).
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